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COMPARISON OF THE HYPERSONIC AERODYNAMIC CHARACTEXISTICS 

OF SOME SIM€'LE WINGED SHAPES IN AIR AND HEZLUM 

By Thomas A. Blackstock and Charles L. Ladson . 
Langley Research Center 

An investigation was made in the Langley 11-inch hypersonic tunnel at Mach 
numbers of 6.8 and 9.6 in air and 10.9 and 18.0 in helium to determine the force 
and moment characteristics of a series of wings. This investigation was made 
to study the simulation of high Mach number aerodynamics in air by the use of 
helium as a test medium. The wings tested were of both square and delta plan- 
form and included both sharp and blunt leading edges. Also the effects of a 
vertical forward-facing step on the characteristics of the square wing were 
investigated. The angle-of-attack range for the tests was from Oo to 25O. 

Analysis of the results indicated that lift and drag coefficients could be 
predicted over the range of test Mach numbers and for the test media used. 
coefficients could not be as adequately predicted as lift coefficients due to 
viscous effects. Good simulation was obtained for normal-force coefficients, 
however. The forward-facing step on the square wing produced a large increase 
in lift and pitching-moment coefficients and may be used as a pitch control 
device. Two methods of correlating normal-force coefficients are also presented. 

Drag 

INTRODUCTION 

In addition to its use for basic fluid-dynamics studies, the use of helium 
as a test medium for the simulation of aerodynamic characteristics ha.s received 
considera.ble attention in theoretical work. (See refs. 1, 2, and 3 . )  Experi- 
mental verification of these theories is necessary to establish fullythe 
va.lidity of helium tests for this purpose. (See refs. 4 to 7.) The present 
paper presents da.ta on some simple winged shapes for which aerodynamic charac- 
teristics ca.n be rea.dily calcula.ted. 

The purpose of this paper is to compare the force and moment coefficients 
for a series of wings tested at Mach numbers of 6.8 and 9.6 in air and 10.9 
and 18.0 in helium. 
air and l5O in helium. 
and compared with theoretical estimates. Two methods for correlating normal- 
force coefficients are also discussed. Some of the present data along with 
additional data on these models at other Mach numbers have been published in 
reference 6. 

The models were tested at angles of attack up to 2 5 O  in 
The effects of Mach number and test medium are presented 
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C root chord 

axia.1 -f orce coeff ic ient  , C A 

dra.g ‘coefficient, 
cD qs  

cL qs  

L i f t  
l i f t  coeff ic ient ,  - 

Cm 

Axia.1 force 
ss 

pitching-moment coefficient,  Pitching moment 
qsc 

Normal force no rma.1 -force eo ef f i c i ent , 
qs 

L/D l i f t -drag  r a t i o  

M Ma.ch number 

G! dynamic pressure. 

R Reynolds number 

S pla.nf orm area 

a angle of a t tack,  measured from lower surface of  model 

Y ra.tio of specif ic  heats of ga.s 

A sweep angle 

Subscripts: 

A i n  a . i r  

H i n  helium 

APPARATUS, MODELS, AND TESTS 

All data were obtained i n  the  Langley 11-inch hypersonic tunnel a t  Ma.ch 
A cal ibrat ion of numbers of 6.8 and 9.6 i n  a. ir  and 10.9 a.nd 18.0 i n  helium. 
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the  Mach number 6.8 nozzle i s  given i n  reference 8 and a cal ibrat ion f o r  the 
Mach number 9.6 nozzle i s  shown i n  reference 9. 
of the two helium nozzles a re  presented i n  the appendix of reference 5. 

A description and cal ibrat ion 

1.29 x 10 
1.36 
2.15 

The models tes ted  a re  shown i n  f igure 1 and were machined from s t a in l e s s  
s t ee l .  The forces and moments were measured on an external strain-gage balance 
with angles of a t tack s e t  op t i ca l ly  by use of a . l i g h t  beam ref lected from the  
model onto a cal ibrated scale.  This method gave the t rue  angle of a t tack of 
the model. Angle of a t tack w a s  measured from the  lower surface of the  models. 
The moment reference w a s  located at the centroid of area i n  plan view f o r  a l l  
models, at one-third of t he  v e r t i c a l  height i n  s ide view f o r  the  d e l t a  wings, 
and a t  one-half the v e r t i c a l  height i n  side view f o r  the square wing. 

6 1.45 x 10 
1.54 
2.42 

The maximum estimated e r rors  f o r  the  force and moment data on the  square- 
planform wing based on the  
table:  

M 

6.8 
9.6 
10.9 
18.0 

lalance inaccuracy i s  presented i n  the following 

~ 

-. 
CM 

0.0086 
.0088 
-0037 
0050 

C A 

0.0026 
.0027 
.0011 
,0015 

~ 

I 

0.0131 

0057 
I 

Over the  range of tes t  conditions f o r  each Mach number, t he  r a t i o  of spe- 
c i f i c  heats was constant. The t e s t  Reynolds numbers f o r  the  various configu- 
ra t ions a re  presented i n  the  following tab le  and a re  based on free-stream con- 
d i t ions  and root chord of t he  model: 

Model 

A = Oo Wing 
A = 60' Wing 
A = 70' King 

M = 6.8 
6 

0.33 x 10 - 35 
-55 

. _ _  

R a t  - 
M = 9.6 

0.33 x 10 6 
* 35 
-55 

RESULTS AND DISCUSSION 

Theoretical Predictions 

M = 10.9 I M = 18.0 

The theore t ica l  estimates of normal- and axial-force coeff ic ients  ( there-  
fore ,  l i f t ,  drag, and l i f t - d r a g  r a t i o )  were determined from combinations of 
oblique-shock theory, modified Newtonian theory, and skin f r i c t i o n .  Oblique- 
shock theory has been used t o  compute pressure forces on the  plane surfaces of 
the  models, including cases where the  leading edges were blunted. I n  computing 
normal-force coeff ic ients  by Newtonian theory the  maximum pressure coeff ic ient  
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used i s  tha t  referred t o  i n  reference 2 as the  f l a t -p l a t e  modified Newtonian 
coefficient,  
Newtonian theory as presented i n  reference 11 w a s  used t o  determine the  force 
coefficient of t he  leading edge. 
referred t o  as the  blunt-nose modified Newtonian theory i n  reference 2 and i s  

Cp,max = y + 1. For the  models with the  blunt leading edges, 

The m a x i m u m  pressure coeff ic ient  used i s  t h a t  

Y + 3  given by Cp,- = + 

The skin-fr ic t ion calculations include boundary-layer displacement effects. 
These calculations w e r e  made only a t  zero angle of a t tack because the  theore t i -  
c a l  var ia t ion with angle of a t tack i s  s m a l l .  The skin f r i c t i o n  f o r  the  square- 
planform w i n g s  w a s  computed by the  method outlined i n  appendix A of reference 12, 
whereas the  skin f r i c t i o n  f o r  the  de l ta  wings w a s  computed by s t r i p  theory as 
shown i n  appendix C of reference 9. 
layer  were used and the  boundary layer w a s  assumed t o  be laminar. 

h c a l  conditions j u s t  outside the  boundary 

For the  theoret ical  estimates of the  forces on the  models with the 
forward-facing step, boundary-layer separation w a s  assumed t o  start at  the  
leading edge. It was fur ther  assumed t h a t  t he  separated region was wedge 
shaped with i t s  height a t  the  t r a i l i n g  edge being equal t o  the  height of the  
step. I n  the computation of incremental forces by t h i s  method, the  select ion 
of the  separation point location i s  not c r i t i c a l .  The var ia t ion i n  incremental 
l i f t  coefficient obtained with the separation point located a t  the  leading edge 
and a t  75 percent chord was less than 2 percent f o r  t he  model tes ted  at  an angle 
of a t tack of 25'. 

Experimental R e s u l t s  

Stabil i ty-axis data.- Experimental values of l i f t  and drag coeff ic ients  
and l i f t -drag  r a t i o  are presented i n  figure 2 a.nd compared with theory. The 
inviscid theory shown includes only the  pressure forces on the  models as deter-  
mined from oblique-shock theory f o r  the  plane surface and modified Newtonian 
theory f o r  the  blunt leading edges. 

L i f t  coeff ic ients  i n  both air and helium are very w e l l  predicted by the  
inviscid theory i n  almost a l l  cases. Drag coeff ic ient  and l i f t -d rag  r a t i o  were 
also i n  good agreement with calculations f o r  the sharp-leading-edge configura- 
t ions  i n  air  when skin f r i c t i o n  w a s  added t o  the  inviscid theory; however, drag 
coefficient w a s  often underestimated and, thus, the  predicted l i f t -drag  r a t io s  
exceeded the experimental values. Although base drag has not been taken in to  
account, i t s  e f fec t  i s  sma.11. 

The e f fec t  of planform shape on l i f t  and drag i s  secondary f o r  the  sharp- 
leading-edge models i n  t h a t  i t s  main e f fec t  i s  t o  vary t h e  loca l  angle of a t tack 
of the upper wing surface. This e f fec t  manifests i t se l f  i n  a reduced drag a t  
angles of a t tack below 1l0 f o r  wings of increasing sweep angle as  can be seen 
i n  figures 2(c)  and 2(d) .  
t he  flow and the  computed normal force and skin f r i c t i o n  are independent of 
planform. 
of a t tack i s  also reduced as the  sweep angle i s  increased. On the  Kings with 

Above t h i s  angle t h e  top surface i s  shielded from 

The negative l i f t  contribution of t he  upper surface at  low angles 
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the blunt leading edges there is a more pronounced effect of planform shape, 
since the leading-edge drag decreases markedly with increasing sweepback angle. 
This effect is best illustrated by the maximum lift-drag ratio at a Mach number 
of 6.8 which increases from 2 to 3 as the sweepback a.ngle is increased from Oo 
to TO0. 
step on the characteristics of the square planform wing should be noted. 
can be seen in figures 2(b) and 2(f), increases of LO to 20 percent in lift 
coefficient along with increases in drag coefficient of up to 30 percent were 
produced. 

(See figs. 2(e), 2(g), and 2(h).) The effect of the forward-facing 
As 

In figure 3 ,  pitching-moment coefficients plotted against angle of attack 
are presented. Pitching-moment coefficients for air and helium are essentially 
the same. As would be expected, the pitching-moment coefficients are approxi- 
mately zero except for the models with the forward-facing step. 
shift in the center-of-pressure location of about 6 percent for this model is 
indicated. The pitching-moment contribution of the step is sizable in view of 
its small area, and the step may be used as a pitch control device. 

A maximum 

Body-axis data.- In figure 4 experimental values of normal-force coeffi- 
cients are presented and compared with oblique-shock ("exact") theory and modi- 
fied Newtonian theory. As for lift coefficient, the oblique-shock theory 
usua.lly gives quite accurate predictions of normal-force coefficient. The data 
from modified Newtonian theory also are in fair agreement with the experimental 
data and, as expected, is in best agreement with the data for higher Mach num- 

leading-edge models. 
. bers. In general it is a lso  in better agreement with the data on the blunt- 

In figure 5 axial-force coefficient is compared with exact theory, a com- 
bination of oblique-shock theory for flat surface, Newtonian theory for the 
blunt leading edges, and skin-friction coefficient. In general, the theory 
predicts trends in the force variation with angle of attack but fails to pre- 
dict the magnitude of.the force. 
generally better at the higher Mach numbers for both air and helium. Above 
11' angle of attack, the theoretical axial force is purely skin friction on 
the sharp-leading-edge models without the step. At Mach numbers of about 10, 
agreement between theory and experiment is better in air than in helium. This 
difference may be the result of boundary-layer transition on the models at the 
higher Reynolds numbers of the helium tests. It can be seen that for the tests 
made in air the axial force is higher at low angles of attack for and 
higher at high angles of attack for 
around Eo. 
the lower angles of attack. 
angle of attack until the higher skin friction of the tests at 
dominant. 
coefficient increases with angle of attack above'l.2'. 
decrease in the effective sweep angle with increasing angle of attack. 
effect overshadows the increasing amount of leading edge which is shielded from 
the flow and would thus tend to decrease the leading-edge contribution. 

Agreement between experiment and theory is 

M = 6.8 
M = 9.6, with the crossover point usually 

This effect is due to the higher pressure forces at M = 6.8 at 
These pressure forces diminish with increasing 

M = 9.6 becomes 

This increase is due to a 
In figures 5(g) and (h) it is seen that the theoretical axial-force 

This 

Normal-force correlation.- In figure 6, a simple correlation of normal- 
force coefficients has been made based on the flat-plate modified Newtonian 
theory. Data from the tests at Mach number 9.6 (air) and 10.9 (helium) have 
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been used i n  an attempt t o  minimize any Mach number effects .  
coeff ic ients  shown on t h e  l e f t  of each figure i l l u s t r a t e  the ef fec ts  of the  
var ia t ion i n  the  r a t i o  of specif ic  heats. The correlated normal-force coef- 
f i c i en t s ,  CN' and CN,A presented on the  right show the  e f f ec t  of multiplying 

Normal-force 

-. 

the normal-force coeff ic ients  obtained i n  helium by 
+ 

YTI + 1 The data are w e l l  

correlated by th i s  parameter and there  i s  no noticeablg e f fec t  of leadizg-edge 
blunting or sweep angle. 

I n  figure 7 the  normal-force coeff ic ients  have been correlated on the  
basis of parameters suggested by t he  work of Linnell (ref. 10). 
eters and also the  theore t ica l  curves shown are taken from h i s  equation, 

These param- 

which i s  wri t ten i n  the  nomenclature of t h i s  paper. Equation (1) can be 
reduced t o  the  form 

2 C& = (M s i n  a) 

when the term [. - (1 - k)A] approa.ches zero. 
Y(&)* 

Since this equation i s  s t r i c t l y  applicable only t o  f la t  plates ,  no experi- 
mental data are presented f o r  the  lower angles of attack. Although the  equa- 
t i o n  may be of value f o r  shapes other than a f la t  p la te ,  it can not be used i n  
i t s  present form whenever negative l i f t  occurs at pos i t ive  angles of attack. 

The parameters used give good correlat ion and equation ( 2 )  gives a fair 
prediction of the  data. 
i s  i n  c loser  agreement with the data i n  most cases. 

It should be noted, however, t h a t  the  theory for air. 

An investigation was made i n  the  Langley 11-inch hypersonic tunnel a t  Mach 

The wings tes ted  were of both 
The 

numbers of 6.8 and 9.6 i n  air  and 10.9 and 18.0 i n  helium t o  determine the force 
and moment character is t ics  of a series of w5ngs. 
square and d e l t a  planform and included both sharp and blunt leading edges. 
effects of a ver t i ca l  forward-facing s tep  on the  character is t ics  of t he  square 
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wing a re  a lso investigated. The angle-of-attack range f o r  these t e s t s  was from 
oo t o  2 5 O .  

Analysis of the  r e su l t s  indicates  t ha t  l i f t ,  drag, and normal-force coeff i -  

Drag coeff ic ients  could not be as accurately predicted as l i f t  
c ients  can be adequately predicted over t h e  range of t e s t  Mach numbers and the  
t e s t  media used. 
coeff ic ients  due t o  vtscous e f fec ts .  Excellent agreement of experiments i n  a i r  
and helium with oblique-shock theory c l ea r ly  es tabl ishes  the  va l id i ty  of helium 
simulation f o r  l i f t  and normal-force studies where pressure forces a re  dominant. 
The forward-facing s tep on the  square w i n g  produced a large increase i n  l i f t  
coeff ic ient  and pitching moment and m a y  be used as a p i tch  control device. Two 
methods of correlat ing normal-force coeff ic ients  a r e  a lso presented. One 
method, based on Newtonian theory, can be used t o  cor re la te  normal-force coef- 
f i c i e n t s  i n  air and helium at  approximatelythe same Mach number. The other 
method used a l s o  gave good correlat ion and takes Mach number e f f ec t s  in to  
account. This method may also be used t o  predict  normal-force coeff ic ient .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., February 29, 1964. 
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Figure 2 . -  A comparison of experimental l i f t  and drag c o e f f i c i e n t s  and l i f t - d r a g  r a t i o  w i t h  
theory f o r  t h e  var ious wings. 
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Figure 2. - Continued. 
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